Abstract-Effects on the communication signals caused by the time-varying plasma sheath surrounding hypersonic vehicles are investigated.
INTRODUCTION
There has been one long standing obstacle, known as the "radio blackout" problem, associated with hypersonic flight and atmosphere reentry [1] [2] [3] [4] [5] . When a vehicle flying at hypersonic velocity or a spacecraft reentering the Earth's atmosphere, all the communication and telemetry signals are lost or at least severely degraded by the plasma sheath around hypersonic vehicles, which is formed by surrounding dissociated and ionized air molecules due to tremendous heat converted from the vehicle's kinetic energy [1] [2] [3] . The radio blackout problem has already attracted much attention from both academia and agencies, especially during the days of the Apollo missions. In 1960s-1970s, many ground researches and inflight experiments had been conducted by NASA and the U.S. Air Force to measure the parameters of the plasma sheath, as well as to test some possible mitigation methods [2] [3] [4] . However, formation of the plasma sheath coupled with both chemical and thermodynamic processes are still not well understood, some alleviation techniques remain in the development stages with obvious shortages, which leaves this problem unresolved as before.
There have already been many researches dealing with the plasma sheath and investigating its effects on the communication signals [6] [7] [8] [9] [10] [11] [12] [13] . However, most of the previous works consider this problem in a time-invariant case, where severe amplitude attenuation and large phase shift are reported [6] [7] [8] [9] [10] . Although these steady-state effects are very important, the time-varying effects are also very crucial for communication failure and this has rarely been studied. In [11] , Ohler et al. used a general raytracing method to investigate high-speed plasma flow of a stationary plasma thruster. In their work, a pure-sine temporal density variation model is assumed and high-order harmonics are observed in the received signals. Gao et al. used the scattering matrix method (SMM) to investigate the effects of plasma sheath on the GPS navigation signals [12] . However, only the electron density turbulence on the boundary layer is considered and fluctuations in other areas are omitted. Recently, Yang et al. simulated the propagation of QPSK signals though time-varying plasma and constellation circumvolving of the receiving signals was reported in their work [13] . Unfortunately, the plasma slab assumed to be uniform is not the case for practical reentry plasma sheath.
In this paper, we will focus on the electron density turbulence of plasma sheath and its dynamical effects on electromagnetic wave propagation. Moreover, using the parameters extracted from channel characterization, we will propose a Markovian channel model to represent the dynamical effects on the communications signals. To the best of our knowledge, it's the first time that channel modeling of time-varying plasma sheath is presented. The rest of this paper is organized as follows. Section 2 starts with some brief theoretical analysis of interactions between electromagnetic waves and plasma. In Section 3, the general simulation flowchart and some related numerical techniques are introduced. Section 4 presents the results of channel characterization, while the finite-state Markov channel models are proposed and validated in Section 5. Finally, this paper is summarized in Section 6.
THEORETICAL ANALYSIS
Plasma is an electrified gas with its atoms dissociated into positive ions and negative electrons. When electromagnetic wave travels thorough the plasma sheath, the electrons of plasma oscillate around their equilibrium positions under the influence of the electric field. Thus part of the wave's energy is absorbed and reflected, especially when the transmission frequency approximates to the plasma frequency. From the Maxwell's equations, we have the relationships between the electric field E, the magnetic field H and the polarization current density J in plasma region as follows,
where v p is the collision frequency of cold, unmagnetic plasma, and w p is the plasma frequency and has the following expression [1] [2] [3] [4] 7] ,
where n e is the electron density, e the electron charge, m e the electron mass, and ε 0 the dielectric constant in free space. From (1), the relative permittivity of plasma ε r (w) can be expressed as follows,
From (3), the corresponding wavenumber in plasma k can be derived,
is the wavenumber in free space. The amplitude attenuation T and phase shift ϕ can be estimated as follows,
Since the electron density n e in (2) varies in time, all the above parameters are time-variant. Figure 1 illustrates a general flowchart for investigating the dynamical effects of time-varying plasma sheath. The steady-state plasma sheath was firstly obtained by using computational fluid dynamics (CFD) technique. The timescale for multi-species air flow reaction is on the order of milliseconds, while the timescale for electromagnetic wave propagation through plasma sheath is only on the order of nanoseconds. Hence, to simulate time-varying electron density fluctuation, we can just add some noises with particular power density distribution on the steady-state solution. After that, interactions between electromagnetic waves and plasma are evaluated by using finite-difference time-domain (FDTD) algorithm. All these works will be discussed in detail in the following subsections. 
NUMERICAL SIMULATION

CFD Simulation for the Steady-State Plasma Sheath
The steady-state distribution of the plasma sheath depends on many factors in reality, such as the vehicle's aerodynamic shape, trajectory, vehicle velocity, angle of attack (AoA), and local air condition. Here, a model of RAM-C blunt body with nose radius of 0.1 m is established and simulated by using CFD technique. In the simulation, the thermochemical non-equilibrium problem is solved based on Navier-Stokes equations. An eleven-species (
, and e) airreacting chemistry model [14] is employed, and zero degree of AoA is considered. According to the US Standard Atmosphere [15] , the static temperature and static pressure are set to 270 K and 80 Pa, respectively. Figure 2 illustrates the electron density distribution of the plasma sheath at blunt velocity of 6000 m/s. As can be seen, the air around the vehicle is compressed and a shock wave formed. The plasma electron density in front of the blunt nose region is as high as 10 20 m −3 . Such a high electron density prevents electromagnetic wave propagation under 30 GHz. Consequently, the onboard antenna is generally mounted in the rear region of the blunt body, which has a significantly lower plasma electron density and much less influence of the plasma sheath.
The Time-Varying Plasma Turbulence Simulation
A few ground test experiments have investigated the electron density turbulence intensity of plasma sheath [16] [17] [18] [19] [20] . Unfortunately, all their data only give qualitative rather than quantitative information. Figure 3 shows the plasma electron density profile radially outward from the onboard antenna at different blunt velocities, which are extracted from the CFD steady-state solutions. For the boundary layer very close to the blunt wall, both the speed and temperature of the air flow dramatically rise from zero to nearly freestream states, thus in this region it has a much stronger turbulence intensity than other areas. According to Demetriades's measurement data obtained from JPL continuous flow hypersonic wind tunnel [18, 19] , the power density of such turbulence is pink-colored, the low frequency fluctuation is dominant, while a '−5/3' Kolmogorov decay was observed at high frequencies. During our simulation, the relative turbulence intensity for the boundary layer is set to 30% [12, 13, 20] . For the region out of the boundary layer edge, it has a relative lower turbulence intensity. Three scenarios are considered in this paper, i.e., small (5%), medium (10%), and large (15%).
FDTD Algorithm for Electromagnetic Wave Propagation Analysis
Nowadays, due to its low computational complexity and high efficiency, FDTD algorithm is the most robust and popular method available to investigate electromagnetic wave propagation problems [21, 22] . By applying FDTD algorithm, the Maxwell's equations in (1) are discretized both in space and time, and the electric and magnetic fields are solved and updated in a leap-frog manner. As a time-domain method, FDTD algorithm treats inhomogeneous, nonlinear material properties in a natural way [22] . Moreover, FDTD solutions can cover a wide frequency range just by a single simulation run, which makes it quite useful to investigate the radio blackout problem. In our work, the stretched-coordinate perfectly matched layer (SC-PML) is employed to truncate the computational boundary, and the media discretization processing for plasma is given in Appendix A [10, 23] . A non-modulated Gaussian pulse with 40 GHz efficient bandwidth is used as the excited incident wave. During each simulation, the transmitted signal through plasma sheath is recorded and compared with the incident signal, thus the wideband characteristic of the plasma sheath can be derived.
CHANNEL CHARACTERIZATION
Simulations are carried out over 10000 times for each scenario. Figure 4 illustrates the possible variation regions for different scenarios at blunt velocity of 6000 m/s. The middle line represents the steadystate propagation characteristic without plasma electron density turbulence, while the other six lines are the upper and lower bounds for three scenarios. As can be seen from Figure 4 , the amplitude attenuation decreases first then increases with increasing frequency, while the phase shift increases rapidly first and then decreases slowly as the frequency increases. This is because that, the effects near the plasma frequency are the most serious. Hence successful transmission through plasma sheath requires transmission frequencies much higher than the plasma frequency. Figure 5 illustrates the standard deviations of amplitude variation and phase fluctuation caused by the time-varying plasma sheath. For each scenario, the region near 10 GHz has a much larger deviation of amplitude variation than other frequency bands. Table 1 summarizes the statistical properties of these effects at X-and Ka-band. For each velocity, both of the amplitude variation and phase fluctuation increase as the turbulence intensity increases. Compared with X-band, the amplitude variation in Ka-band is relative less, but the phase fluctuation is much larger. This results imply that, high frequency transmission could be considered as a potential method for alleviating the blackout problem, but some other modulation techniques must be investigated rather than the conventional phase-coherent communications.
CHANNEL MODELING
Accurate and efficient channel models are of vital importance for developing and evaluating novel communication techniques. Since the effects of the plasma sheath are time-varying, the corresponding channel model must be expressed in terms of statistical averages and probability densities. The finite- state Markov channel (FMSC) model, which was firstly proposed by Gilbert and Elliott at Bell Labs, has attracted quite some attention due to its usefulness to represent such time-varying characteristics [24] [25] [26] [27] . In this section, we will partition the power levels of the received signal into a finite number of states and construct the FSMC model of different scenarios, which could enable us to simulate the time-varying effects on electromagnetic wave propagation through plasma sheath with low complexity.
Parameter Extraction
Based on the statistics of the CFD+FDTD simulated data, first the received signal power levels are assumed to have a Lognormal distribution. In order to determine the parameters of the FMSC model, the data processing and parameter extraction procedures are given as following steps [26, 27] ,
(1) The lognormal mean u and standard deviation σ values are calculated. (4) The state probability vector π is computed as,
where N m is the number of simulations in state s m , and N is the total number of simulations. (5) The state transition probability matrix P is computed as,
where N mn is the number of transitions from state s m to state s n .
Here we use the equal probability (EP) approach proposed in [24] to partition the regions of each state, and the number of states are set to 8 as suggested by previous literatures [24] [25] [26] . A Ka-band FSMC model with blunt velocity of 6000 m/s and relative disturbance intensity of 15% is presented as an example in Appendix B. 
Model Validation
Once obtaining the required parameters, a Markovian chain can be generated. In order to verify the effectiveness of the obtained FMSC model, the results will be compared with those from CFD+FDTD simulation. Two primary statistics and one secondary statistic, probability density function (PDF), cumulative distribution function (CDF) and power spectrum density (PSD), are investigated under different scenarios. Figure 7 illustrates the results from CFD+FDTD simulation and the FMSC model at Ka-band and blunt velocity of 6000 m/s. As shown in Figure 7 (a), although each scenario has similar mean values near −14 dB, the deviation increases as the plasma electron density turbulence intensity increases. The PDF of small turbulence intensity is much sharper than the PDF of the other two scenarios. This implies that again, signal fluctuations for large turbulence intensity are much more severe than small turbulence. Comparisons of CFD and PSD are presented in Figures 7(b) and 7(c), excellent agreements are obtained for all three statistics. For other blunt velocities, similar results and good agreements are also observed.
CONCLUSION
The radio blackout problem stands as one long difficulty for hypersonic flight and atmosphere reentry. In this paper, the time-varying plasma sheath surrounding hypersonic vehicles and its dynamical effects on the communication signals are investigated. First the CFD technique is used to obtain the steady-state distribution of the plasma sheath, after adding some turbulence on the plasma electron density, interactions between electromagnetic waves and plasma sheath are investigated by using FDTD algorithm. Amplitude variation and phase fluctuation of the communication signals and their statistical properties are analyzed and characterized under different scenarios. Furthermore, a finite-state Markov channel model is proposed to represent the dynamical effects of plasma sheath on electromagnetic wave propagation. In the FMSC model, the power levels of the received signal are partitioned into a finite number of states, and the time-varying process is modeled as a Markovian chain. Compared to the CFD+FDTD method, the FMSC model has high accuracy and much lower complexity. In future, we would attempt to develop novel communication techniques to reduce the blackout period or alleviate the blackout problem entirely. One possibly feasible approach is that, state transition memories of the FSMC model could be extracted and utilized to improve the performance of the communication system.
APPENDIX A. MEDIA DISCRETIZATION PROCESSING FOR PLASMA
When implementing the FDTD algorithm, the frequency-dependent permittivity of plasma in (3) must be transferred into time domain to get the update equation. The bilinear transform technique is employed in this work [10, 23] , jw → 2 ∆t
where a multiplication of z −1 in the frequency domain corresponds to a time delay of ∆t in discrete-time domain. Substituting (A1) into (2), the corresponding time-domain update equation for the electrical field E from the electronic density D can be derived,
where the superscript q denotes the time series, and the coefficients in From these parameters, a Markovian chain can be generated with specified statistical properties.
